Parkinson's disease (PD) is attributable primarily to depletion of dopamine in the basal ganglia, but the full effects of this depletion are unknown. It is well known that PD involves motor slowing, and although it is not easy to distinguish between the motor and cognitive components of behavior, clinical observations suggest that cognitive processing may also be compromised. However, it remains unclear whether such cognitive involvement exists, and if so, to what extent. Previous studies of cognitive slowing in PD have yielded conflicting results. This may be attributable to variations in experimental procedures, because most of the experiments used reaction-time tasks, which are inevitably confounded by motor components. In the present study, we evaluated the speed of cognitive processing in patients with PD without bradykinesia as a variable. We developed a mental-operation task that required serial updating of mental representations in response to a series of visual stimuli. By changing the speed of visual presentation and evaluating performance accuracy, the speed of cognitive processing was assessed independently of motor slowing. Cognitive impairment in PD became evident when higher speeds of cognitive processing (verbal more so than spatial) were required. In addition, cognitive slowing and motor slowing were significantly correlated. The results of the present study suggest that slowing in PD is not restricted to the motor domain but can be generally observed in other domains of behavior, including cognitive mental operations.
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Slowing of movement, or bradykinesia, is one of the characteristics of Parkinson's disease (PD) . The slowing appears to be attributable primarily to a deficit in cognitive motor control (i.e., an ability to arrange complex movement), rather than simply an impairment in motor initiation and execution (Marsden, 1982) . Slowing in imagery of movements and mental rotation of objects has also been suggested to occur in PD (Dominey et al., 1995; Lee et al., 1998) . Although it is not easy to distinguish between the motor and cognitive components of behavior, clinical observations indicate that slowing in PD is not restricted to motor functioning but also involves cognitive functioning (Naville, 1922; Rogers, 1986) .
The presence of cognitive slowing has been tested not only to clarify this aspect of PD itself but also to understand the function of the basal ganglia. Striatal dysfunction is coupled with motor slowing in PD (Vingerhoets et al., 1997) . Although a role of the basal ganglia has been demonstrated in nonmotor cognitive operations as well as in motor control (Middleton and Strick, 1994) , previous studies have produced conflicting results on the presence of cognitive slowing in PD (Rafal et al., 1984; Ransmayr et al., 1990; Poewe et al., 1991; Revonsuo et al., 1993; Berry et al., 1999) . The results of some studies support the presence of slowing (Wilson et al., 1980; Pillon et al., 1989; Cooper et al., 1994; Pate and Margolin, 1994; Lee et al., 1998) , whereas the results of others do not (Lafleche et al., 1990; Duncombe et al., 1994; Howard et al., 1994) . This conflict may arise, at least in part, from differences in the experimental procedure used. To measure cognitive speed, most of the studies followed a reaction-time paradigm that used an identical motor response after a simple or complex cognitive task. This method carries the assumption that a difference in reaction time between the two tasks would correspond to the time required for cognitive processing, because the time required for the motor response is identical. However, this is debatable, because cognitive and motor processing may interact (Georgopoulos, 2000) . In fact, previous studies of patients with PD suggest that there are impairments in the cognitive-motor interaction specifically (Schwab et al., 1954; Benecke et al., 1986 Benecke et al., , 1987 Agostino et al., 1992; Georgiou et al., 1993; Majsak et al., 1998) .
The aim of the present study is to examine the speed of cognitive processing in patients with PD without motor response rate as a variable. For this purpose, we developed a mentaloperation task that required serial updating of a mental representation in response to a series of visual stimuli without involving any overt movement (Honda et al., 1998) . The speed of visual presentation was systematically changed, and the accuracy of performance was evaluated as a function of the presentation speed. This approach enabled us to evaluate the speed of cognitive processing in patients with PD without motor slowing as a confounding factor.
MATERIALS AND METHODS
Subjects. T wenty-three mildly impaired patients with PD and 25 age-, education-, and sex-matched, healthy volunteers (controls) participated in the present study ( Table 1 ). All of the subjects were younger than 75 years, and none of them had a history of treatment for neurological or psychiatric disorders other than PD. The patients were evaluated for parkinsonian symptoms using both the Hoehn and Yahr rating scale (H&Y) and the Unified Parkinson's Disease Rating Scale (UPDRS) ( Table 2 ). The patients continued to take medications such as L-3,4-dihydroxyphenylalanine (L-DOPA), peripheral decarboxylase inhibitors, dopamine agonists, or anticholinergics, or any combination of these drugs, at the time of testing. Nevertheless, characteristic parkinsonian motor symptoms were still apparent. All of the patients were rated Յ3 on the H&Y and scored Յ41 on the UPDRS, indicating that the disability of all patients was relatively mild. The subjects were also screened for dementia using the Mini-Mental State E xamination (MMSE) and the Japanese version of the Wechsler Adult Intelligence Scale -Revised (WAIS-R). The MMSE scores confirmed that participants were free of symptoms of dementia. All subjects who participated in the present study scored Ͼ90 on the WAIS-R. The PD and control groups were matched for MMSE and WAIS-R scores. All subjects gave written informed consent after a f ull explanation of the procedure. Mental-operation task s. We developed spatial (MO-s) and verbal (MO-v) versions of a mental-operation task. For both versions, a trial started with the presentation of a prime stimulus followed by a serial presentation of seven instruction stimuli. Visual stimuli were presented at the center of a computer monitor placed ϳ50 cm from the subjects. Each stimulus subtended a 5.7°visual angle, so that the subjects could easily recognize each stimulus at the center of view without moving their eyes. This minimized any influence of differences in oculomotor f unction between patients with PD and controls. During each trial, the subjects were asked to fixate on the visual stimuli and to avoid eye movement. Because the visual stimuli were always presented in the center of view, possible oculomotor dysf unction in patients with PD would be negligible. For MO-s ( Fig. 1 A) , the prime stimulus was a marker presented in one square of a grid subdivided into nine smaller squares; each instruction stimulus was either an arrow or a pair of tandem arrows pointing in one of four directions (up, down, right, or left) . Subjects were requested to move the marker mentally from its starting square according to the instruction stimuli, on the grid that was no longer visible on the screen. In the example shown in Figure 1 A, the subjects mentally moved the marker to the right by two squares, following double rightward arrows, and then downward by one square, following the next single downward arrow, and so forth. After each trial, the subjects reported the final location of the marker by pointing with their finger to one of the squares in the grid displayed on the monitor.
For MO-v ( Fig. 1 B) , the prime stimulus was a kanji character indicating a day of the week, and each instruction stimulus was a randomly selected number from 1 to 3. Subjects were instructed to advance the day of the week mentally in a serial manner, according to the instruction stimuli. In the example shown in Figure 1 B, the subjects advanced the day from Friday to Saturday in response to the number 1, and from Saturday to T uesday in response to the number 3. Although it is possible to add up all seven numbers and to advance the day by the remainder of division of the sum by 7, subjects were explicitly asked to avoid this particular strategy. Special caution was given not to move the mouth or tongue during the session. After completing each trial, the day of the week they finally reached was verbally reported.
To test cognitive speed, the instructional stimulus frequency was systematically changed across the trials. Eight different stimulus frequencies (from 0.4 to 1.8 Hz in 0.2 Hz steps) were used for each of the two tasks. The perception of visual stimuli itself has been shown to be primarily intact in PD, at least within the range of the stimulus presentation rate used in this study (Revonsuo et al., 1993 ). Ten trials were tested for each stimulus frequency, and the accuracy of the answer was evaluated for each trial. If the subjects were not able to follow the speed of visual presentation of the instruction stimuli, this was reflected in a lower performance accuracy. Thus, the speed of cognitive processing was evaluated without measuring reaction time.
After f ull instruction about the procedures, the MO-s and MO-v were tested. The order of the two tasks tested was balanced across the subjects in each group. Each task consisted of six blocks (Fig. 1C) . Each block started with a trial at 0.4 Hz. The stimulus frequency was increased to 1.8 Hz in 0.2 Hz steps and then decreased. Thus, one block consisted of two trials for each of the eight different stimulus frequencies. The first block was considered a practice block; it was excluded from the analysis. Therefore, a total of 80 trials (eight frequencies ϫ two trials ϫ five blocks) were analyzed for each task. The procedure lasted ϳ50 min.
Data anal ysis. All statistical analyses were performed using the Statistical Program for the Social Sciences (SPSS, Chicago, IL) on a microcomputer.
First, the number of correct answers (i.e., performance accuracy) was subject to repeated measures (RM)-ANOVA with stimulus frequency (eight speeds) and task (MO-s and MO-v) as within-subjects factors, and group (PD and controls) as a between-subjects factor. Unpaired Student's t tests were also conducted to compare the performance between patients with PD and controls at each frequency for each task separately. In addition, to explore the difference in performance between the two tasks, separate RM-ANOVAs were also conducted for each group (within-subject factor of frequency and task). Differences with a value of p Ͻ 0.05 after Greenhouse -Geisser correction were considered statistically significant.
The relationship between cognitive slowing and motor impairment in the patients with PD was examined. As an index of cognitive slowing, a "bradyphrenia score" was calculated as the number of wrong answers at 1.0 Hz for each of the tasks. This frequency was selected because the difference of performance between patients with PD and controls was most prominent at this frequency for both tasks (Fig. 2C) . As an index of motor impairment, the bradykinesia subscale proposed in a previous study was used (Vingerhoets et al., 1997) . This subscale was defined as the sum of the four subscales from the UPDRS motor examination section: speech, facial expressions, generalized bradykinesia, and six different types of repetitive limb moments. Although the bradykinesia subscale was not a direct measurement of motor slowing, it has been reported to correlate well with the Purdue pegboard test, which has been shown to be an objective measure of bradykinesia or motor slowing (Tiffin and Asher, 1948; Vingerhoets et al., 1997) . Moreover, a positron emission tomography (PET) study demonstrated a strong relationship between the bradykinesia subscale and the degree of nigrostriatal dopaminergic deficit (Vingerhoets et al., 1997 ). Pearson's correlation coefficient between the two scores was calculated for each task. 
RESULTS
For both the PD and control groups, the performance accuracy of the two kinds of MO tasks (MO-s and MO-v) became increasingly worse as the stimulus frequency increased (Fig. 2 A,B) . This finding confirms that the present method can effectively evaluate the speed of cognitive processing without involving the immediate motor response. The performance accuracy at the slowest stimulus frequency of 0.4 Hz was almost the same for both tasks in the patients with PD and the controls, but decreased more in the patients with PD than in the controls at greater stimulus frequencies. The difference between the two groups was most prominent at 1.0 Hz in both MO-s and MO-v (Fig. 2C) . Statistical evaluation generally supported this interpretation. RM-ANOVA for the entire data set revealed significant main effects of group, frequency, and task and significant interactions between group and frequency, indicating that patients with PD performed with significantly lower accuracy than controls, a difference that widened with increasing stimulus frequency. Separate unpaired Student's t tests revealed that the performance accuracy at the slowest stimulus frequency (0.4 Hz) was not different between the two groups for either task (MO-s, p ϭ 0.30; MO-v, p ϭ 0.52). In MO-s, the PD group exhibited relatively preserved performance at 0.6 Hz ( p ϭ 0.27) and 0.8 Hz ( p ϭ 0.17) but significantly ( p Ͻ 0.05) lower performance at Ն1.0 Hz stimulus frequencies, except at 1.4 Hz ( p ϭ 0.07) (Fig. 2 A) . In MO-v, the performance accuracy was significantly lower in patients with PD at stimulus frequencies of Ն0.6 Hz ( p Ͻ 0.05) (Fig. 2 B) .
The effect of cognitive slowing on the two tasks was compared for each group (Fig. 3) . MO-v was more affected than MO-s in patients with PD except at the slowest stimulus frequency. For controls, such a tendency was observed only at high stimulus frequencies. Separate RM-ANOVAs for each group demonstrated that patients with PD made more errors in MO-v ( p Ͻ 0.01), whereas controls made equal numbers of errors in both tasks ( p ϭ 0.54) ( Table 3 ).
In the PD group, there was a significant positive correlation between the bradyphrenia score and the bradykinesia subscale for both the MO-s (r ϭ 0.42; p Ͻ 0.05) and the MO-v (r ϭ 0.43; p Ͻ 0.05) (Fig. 4) .
To exclude a possible effect of learning or easy fatigability during the experiment, the performance accuracy for all stimulus frequencies was pooled for each different block of each task and subjected to another RM-ANOVA with a within-subject factor of "block" (from 1 to 5) and a between-subject factor of "group" (PD and controls). This analysis revealed no significant interaction between group and block in either MO-s ( p ϭ 0.10) or MO-v ( p ϭ 0.20). Therefore, the time course of task performance was not different between the two groups in either task, and the effects of easy fatigability or different learning curves of the patients with PD did not account for the poor performance in the PD group.
As a preliminary test of the sensitivity of the mental-operation tasks, an individual analysis was also performed. A confidence interval of the bradyphrenia score was calculated based on the average and two times the SD of the scores recorded from 25 controls for each task. In MO-s, five patients with PD and two controls exhibited higher bradyphrenia scores than the upper range of the confidence interval, whereas in MO-v, seven patients and one control did so.
DISCUSSION
The present results show that patients with early stage PD exhibited cognitive slowing on both the spatial and verbal versions of a mental-operation task, a difference that became more pronounced as the speed of the task increased. In both mentaloperation tasks, the task performance at the slowest stimulus frequency was the same in the patients with PD and the controls, indicating that there was no significant difference in the baseline task performance between the two groups. In contrast, the performance of patients with PD was significantly impaired com- For both tasks, a trial started with the presentation of a prime stimulus (PS), followed by the presentation of seven instruction stimuli (IS). Subjects serially manipulated mental representations according to the instruction stimulus. C, Schematic representations of the experimental procedure. The frequency of presentation of the instructional stimuli was constant within a trial but varied across trials. Eight different stimulus frequencies (0.4 -1.8 Hz in 0.2 Hz steps) were used for each task. Each task was broken into one practice block (open circles) and five experimental blocks ( filled circles). The stimulus frequency was serially increased in the first half of the block and then serially decreased in the second half.
pared with controls when the cognitive task required a faster processing speed. The present findings suggest that the slowing observed in PD was not restricted to the motor domain but was observed in other domains of behavior, including cognitive mental operations.
Previous studies inferred the time required for cognitive processing from the time measured to respond using overt motor behavior (Wilson et al., 1980; Rafal et al., 1984; Pillon et al., 1989; Lafleche et al., 1990; Ransmayr et al., 1990; Poewe et al., 1991; Revonsuo et al., 1993; Cooper et al., 1994; Duncombe et al., 1994; Howard et al., 1994; Pate and Margolin, 1994; Lee et al., 1998; Berry et al., 1999) . Most of those studies administered different types of reaction-time tasks comparing simple and complex cognitive processes. The time for cognitive processing was calculated by subtracting the movement time from the total reaction time. This procedure is based on the hypothesis that includes the assumption that cognitive and motor components of behavior occur serially, without interaction (Rabbit, 1971) . However, it has been shown that patients with PD have, at least in their motor domain, difficulties in performing several behaviors sequentially or simultaneously, in addition to deficits in conducting individual behaviors separately (Schwab et al., 1954; Benecke et al., 1986 Benecke et al., , 1987 Agostino et al., 1992) . These findings suggest that cognitive motor interactions are impaired in PD. In addition, a recent physiological study provides evidence that even the primary motor cortex reflects some aspects of sensory information that guide motor behavior (Georgopoulos, 2000) . Moreover, reaction-time tasks usually reflect both the speed and accuracy of the performance. Speed is influenced by the level of accuracy or insistence on accuracy for lowering error rates, which usually results in increases in reaction time (Rabbit, 1971) . Thus, a line of evidence indicates that cognitive processing and motor control are intimately connected in a wide range of neuronal systems and that Difference between the number of correct answers for MO-s and MO-v at each stimulus frequency for each group. At 0.4 Hz, the number of correct answers was the same for both tasks and for both groups. At greater speeds, the PD group exhibited a greater deficit in MO-v than MO-s. This divergence in performance level was not observed for controls. The performance at Ն1.4 Hz was difficult to evaluate because the number of correct answers was near the chance level, especially for the PD group for MO-v. The horizontal dotted line indicates equal performance level of MO-v and MO-s. the two processes are not easily separable (Rosenbaum et al., 2001) . These characteristics make it difficult to evaluate cognitive processing speed using a reaction-time task. An advantage of the mental-operation tasks was the ability to assess cognitive speed without involving immediate motor behavior. The cognitive speed of patients with PD was measured as a function of performance accuracy of the tasks performed at varied stimulus frequencies, instead of reaction time, so as to exclude the effect of impairment in motor preparation and execution. Thus, the slowing revealed by the mental-operation tasks was not likely attributable to bradykinesia or motor slowing, even if the task performance was related to any covert movement that may reflect motor impairments in PD.
Slowing of actions is a cardinal feature of PD. Marsden (1982) proposed that motor slowing of PD is primarily associated with motor planning impairment, but not with motor execution itself. This proposal is supported by findings that motor slowing of PD is not as pronounced in simple movements compared with complex movements, the execution of which requires motor planning to operate a number of sequential or concurrent simple movements (Schwab et al., 1954; Benecke et al., 1986 Benecke et al., , 1987 Agostino et al., 1992) . Slowing of behavior not attributable to actual motor execution has also been suggested during imagery of sequential finger movements in patients with PD (Dominey et al., 1995) . This study demonstrated a linear relationship between the slowing of overt motor behavior and motor imagery. Moreover, slowing in PD was demonstrated not only for imagery of personal movements but also for events in the external environment, such as motion imagery or mental rotation (Schnider et al., 1995; Lee et al., 1998) . These lines of evidence are consistent with the present findings that the slowing of PD may not be restricted to the motor domain but may include the cognitive domain of behavior as well. In addition, the cognitive slowing elucidated in the present study was positively correlated with an index of the motor impairments reflecting motor slowing in PD (Vingerhoets et al., 1997) . The findings suggest that cognitive slowing may share, at least in part, the same pathophysiological mechanisms as those for motor slowing.
Speed of information processing can be linked with working memory capacity, because faster rehearsal allows the maintenance of a larger amount of information in memory (Fry and Hale, 2000) . Thus, the cognitive slowing demonstrated in the present study is consistent with previous findings that there are working memory impairments in PD (Owen et al., 1997) . The role of the neural circuit involving the prefrontal cortex needs to be explicitly studied in the future.
Cognitive processing does not appear to be uniformly slowed in PD, as observed also for motor responses (Majsak et al., 1998) .
The present findings demonstrate that the degree of performance decline associated with an increase in stimulus frequency in PD was greater on MO-v compared with MO-s. This deficit may be attributed to several factors, one of which may be the requirement of sequential processing. In MO-v, the subjects had to form mental representations of the days of the week in sequential order. The sequential processing is thought to be essential to the use of language and may be generally involved in verbal mental operations (Burgess and Hitch, 1999) . Previous studies have shown that there is remarkable slowing of sequential motor behavior in patients with PD (Benecke et al., 1987; Agostino et al., 1992) . Alternatively, slower performance on MO-v may stem from greater demand for internally guided behavior in MO-v compared with MO-s. Presumably, cognitive processing during MO-s was executed each time in response to external visual cues. In contrast, in addition to information processing directly guided by external cues, MO-v required the subject to advance the day of the week using an internally guided mechanism, particularly in response to the presentation of the number 2 or 3. It has been suggested that the internal cueing mechanism underlying selfinitiated movement is impaired in PD and that patients rely on external cues to compensate for the motor impairments (Georgiou et al., 1993) . Therefore, we suggest that such an internal cueing mechanism may be used not only for motor control but also for guiding cognitive processing (Brown and Marsden, 1988) . Another possible explanation for the present results may be a deficit of PD in switching attention resources from one to another as required in a task (Cools et al., 1984; Brown and Marsden, 1991) . In MO-s, arrows instructed an operation on a location of the marker, both of which are concrete spatial representations. In contrast, MO-v used a number to guide an operation on the day of the week. Switching attention resources between two different symbolic representations in MO-v may cause a greater increase in processing time.
Using H 2
15
O PET and primarily the same tasks as those for the present study, we have shown that the striatum and the medial premotor cortex exhibited greater activity during MO-v compared with MO-s in healthy subjects, whereas the lateral premotor cortex exhibited greater activity during MO-s than during MO-v (Honda et al., 1998) . The striatum and medial premotor cortex have been implicated in the control of sequential motor behavior rather than in the execution of individual movements (Boecker et al., 1998) . In addition, the striatum and medial premotor cortex appear to be essential for internally cued movements (Rao et al., 1997) . A neurocognitive model of language suggests that the rule-governed combination of words depends on procedural memory that appears to involve the striatum and medial premotor cortex (Miyachi et al., 1997; Nakamura et al., 1998; Ullman, 2001 ). Moreover, previous neuroimaging studies in patients with PD suggest that there are deficits in the striatum and medial premotor cortex during internally generated movements (Playford et al., 1992; Hanakawa et al., 1999b) and relatively preserved or even hyperactive function in the lateral premotor cortex, at least in motor tasks (Samuel et al., 1997; Catalan et al., 1999; Hanakawa et al., 1999a) . This line of evidence raises the possibility that the difference in the degree of cognitive slowing according to the nature of the tasks may be attributed to the dysfunction of the striatum or medial premotor cortex, or both, in PD.
In summary, the present results demonstrate cognitive slowing in patients with PD by using mental-operation tasks that assess cognitive processing speed without a motor component. The present results also suggest that the level of cognitive slowing in PD was correlated with the level of motor slowing. Together with our PET results obtained during the performance of the same tasks, these results indicate that dysfunction of the striatum or medial premotor cortex may be responsible not only for motor deficits but also for cognitive disturbance in PD. The present results support the concept that motor and cognitive slowing have a common framework in PD.
